
Cooper	pairs	in	a	mul.terminal	
junc.on	:	from	the	Cooper	pair	

spli5er	to	quartets	
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Non-local	Andreev	reflec/on,		
takes	place	on	a	length	scale	ξ	

Cooper	pair	spli7ng	
in	N-S-N	setup	

Requires	a	three-terminal	structure	
	
	
-Nonlocal	magnetoresistance	(Sz	=	0)	
-Nonlocal	energy	filtering	
-Posi/ve	shot	noise	correla/ons	
	
-Spin	and	energy	entanglement	(S	=	0)	
more	elusive...	

entangled	singlet	

V1	 V2	

S	

N	N	

ξ	
	

-ε	 ε	
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A	brief	(and	incomplete)	history	of	Cooper	pair	spli7ng	
Byers,	Fla>é,	PRL	199	
Torrès,	MarEn,	EPJB	1999		
Deutscher,	Feinberg,	APL	2000	
Choi,	Bruder,	Loss,	PRB	2000	
	
...many	others	2000-2017	

Nonlocal	«	crossed	»	Andreev	reflec/on	
	from	anomalous	propagator	in	S	
	
	
	
	
Nonlocal	normal	reflexion	
«	elas/c	cotunneling	»	
from	normal	propagator	in	S	
	
	
	
	
same	microscopic	origin	:	evanescent	qp	in	S	
compe/ng	processes	in	nonlocal	conductance	

g
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CPS	Experiments	

Beckmann et al., PRL 2004 
(metal) 

Kontos et al., PRL 2009 
(nanotube) 

Schönenberger et al., 
Nature 2009 (nanowire) 

Das et al., Nature 2012 (nanowire) 
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Cooper	pair	spliMng...	
	
	
Correlated	Cooper	pair	transfers	

Two	simultaneous	Cooper	pair	spliMngs	
Exchange	and	recombina/on	

-V	V	

S

NN

S

SSV -V	

S

SSV -V	

Independent	Cooper	pair	transfers	

	No	CPS	:	ac	Josephson	processes	!	

dc	mode	!				QUARTETS	

All	3	terminals	superconduc?ng...	
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Cuevas,	Pothier	2007	
Houzet,	Samuelsson	2010	
	
Freyn,	Douçot,	D.	F.,	Mélin	PRL	2011	
Jonckheere	et	al.	PRB	2013	
D.F.	et	al.	EPJB	2015	
Mélin	et	al.	PRB	2016,	EPJB	2016	
Padurariu	et	al.	PRB	2017	
	
+	experimental	works	
	
Pfeffer,	Duvauchelle,	Courtois,	Mélin,	D.F.,	Lefloch	PRB	2014	
Cohen,	Ronen,	Kang,	Heiblum,	D.F.,	Mélin,	Shtrikman	(ArXiv)	
Strambini,	D’Ambrosio,	Vischi,	Bergeret,	Nazarov,	Giazo>o	Nat.	Nanotech.	2016	(2-terminal)		

History	of	biased	3-terminal	junc.ons	
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Diffusive	metallic	junc.on	
Equilibrium	diffusive	SNS	junc/on	

GCAR	crossed	Andreev	conductance	

S

SS
V

V+ε	 -V-ε	

-V+ε	V-ε	 -V	

GN	normal	conductance	
dc	current	destroyed	by	small	V	

Three-terminal	generaliza/on	

0

SS
ε	 ε	

-ε	-ε	
0 0

ε < ETh	

ε < Eth	 	but	

NO	CONDITION	ON	VOLTAGE	V	!	

V	

-V	

V+ε	

-V-ε	

-V+ε	V-ε	
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x	

Exchange	process	!	nega.ve	sign	
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Phase	coherence	:	current	/	phase	characteris.cs	

constant	of	mo/on	

V	 -V	
ϕ1	 ϕ2	

ϕ0	

A	priori,	in	a	tunnel	limit,	D.C.quartet	current		
	

	 	IQ	=	-	IQc	(V)		sin	(ϕ1 +	ϕ2) 	 	 	 	controlled	by	voltage	V	
		

	
Two	independent	variables	 	 	V 	and				 	ϕ1 +	ϕ2	
	
Intrinsic	synchroniza/on	of	ac	components	à	D.C.	current	
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dc	quasipar/cle	current	
odd	in	V	

Josephson	ac	
even	in	V	

Δϕ = 2eV	t	

dc	quasipar/cle	
currents	(MAR)	

dc	quartet	current	

ac	quasipar/cle	current	
odd	in	V	

?	

B.D.	Josephson		
1962	(1974)	

T		h		r		e		e		-		t		e		r		m		i		n		a		l					j		u		n		c		t		i		o		n	 V	 -V	

V/2	 -V/2	
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MAR	:	retracing	diagram	
probability	:	|A1à2|2	

1	 2

1	 2
0

example	of	a	loop	diagram	
probability	:	|A1à0	+	A1à2à0|2		
	
interference	picks	up	phase	ϕ1 +	ϕ2	
	
Iph-MAR	=	IpM	(V)		cos	(ϕ1 +	ϕ2)	

Total	current	in	each	terminal	:	

I	=	I0	(V)	+	IpM	(V)		cos	(ϕ1 +	ϕ2)	-	IQ	(|V|)		sin	(ϕ1 +	ϕ2)	

quasipar/cles 	 	 	 	quartets	

V	 -V	

0	

V	 -V	

0	 IQ1	 IQ2	

IQ1	=	IQ2	!	
	
IpM1	≠	-IpM2		

IpM1	 IpM2	



Keldysh	Green’s	func.on	calcula.ons	 Tight-binding	model	(Cuevas	method)	
	
Mélin	et	al.	2016	

Single	dot-single	level	junc/on	

nonresonant	dot	 resonant	dot	

V=0.1	Δ	

V=0.6	Δ	

ϕQ	=		ϕ1	+	ϕ2		
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Cross-correlated	noise	:	phase-dependent,	posi/ve	at	small	V,	non-monotonous	in	V	

V=0.1	Δ	

V=0.2	Δ	
resonant	dot	

V=0.3	Δ	

V=0.6	Δ	

Mélin	et	al.	PRB	2016	
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Quartet	current	 Crossed	noise	

Small	V	regime	:	nonadiaba/c	transi/ons	
between	effec/ve	Andreev	levels	
	
Resonant,	current/noise	non-monotonous	in	V	

running	phase		=	4eV	t	

Cohen	et	al.,	ArXiv	2016	
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Experiments	on	quartets	

Pfeffer	et	al.	2014	

Cohen	et	al.	2016	

Al-Cu	diffusive	long	junc?ons	 	ETh	<	eV	<<	Δ	

Va	+ Vb	=	0	

Vb	= 2 Va	

Va	= 2 Vb	

InAs	clean	nanowires 	 	eV	<	Δ <	ETh	

Conductance	
		
CC	noise	
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Ruling	out	an	extrinsic	synchroniza/on	by	the	circuit	environment	?	
	

	 	 	No	effect	in	a	set-up	with	separated	junc/ons	
	 	 	and	SAME	electromagne/c	environment	

	 	 	No	Cooper	pair	spliMng	ßà	No	quartets	
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60	years	of	experiments	on	2T-JJs....	re-done	on	3T-JJs	?		Not	yet	!	
	
	

	-	Conductance	:	YES 	 	 	 	RSJ	interpreta/on	
	

	-	Gate	control,	energy	filtering	:	YES	
		
	-	Posi/ve	shot	noise	:	YES	
			4e	factor	in	shot	noise	(instead	of	2e)	:	Not	yet	

	
	-	4e	in	Shapiro	steps	:	YES	(Duvauchelle	et	al.	2016)	

	
	-	Phase	coherence	and	interferences	:	Not	yet	

	
	-	Higher-order	pair	correla/ons	
			sextets...	:	YES	
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Further	perspec?ves	and	connec?ons	
	
	
1.  Mul/-terminal	JJs	as	a	plaform	for	topological	proper/es	

	 	 	 	 	 	(Riwar,	Houzet,	Meyer,	Nazarov	2016)	
	
2.  Implementa/on	in	cold	atom	BECs	:		

	role	of	interac/ons	and	confinement	
	evidence	for	3-body	entanglement	

R.	Mélin	(Grenoble,	NEEL)	
A.	Freyn	(ex	Grenoble,	NEEL)	
C.	Padurariu	(ex	Grenoble,	NEEL)	
M.	Soko	(ex	Grenoble,	NEEL)	
	
B.	Douçot	(Paris,	LPTHE)	
	
T.	Jonckheere	(Marseille,	CPT)	
J.	Rech	(Marseille,	CPT)	
T.	Mar/n	(Marseille,	CPT)	
	
J.G.	Caputo	(Rouen)	

F.	Lefloch	(Grenoble,	INAC)	
A.	Pfeffer	(ex	Grenoble,	INAC)	
J.	E.	Duvauchelle	(ex	Grenoble,	INAC)	
	
H.	Courtois	(Grenoble,	NEEL)	
	
Yu.	Ronen	(Rehovot,	Weizmann)	
Y.	Cohen	(Rehovot,	Weizmann)	
M.	Heiblum	(Rehovot,	Weizmann)	
H.	Shtrikman	(Rehovot,	Weizmann)	
J-H.	Kang	(Rehovot,	Weizmann)	

Th.	 Expt.	
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